We investigated the efficacy on recovery of function following controlled cortical ischemia in the monkey of the investigational cell drug product, CNTO 0007. This drug contains a cellular component, human umbilical tissue-derived cells, in a proprietary thaw and inject formulation. Results demonstrate significantly better recovery of motor function in the treatment group with no difference between groups in the volume or surface area of ischemic damage, suggesting that the cells stimulated plasticity.
Introduction
Approximately 795 000 Americans experience a new or recurrent stroke each year (American Heart Association 2012). However, the only experimental therapeutic to have gained FDA (Food and Drug Administration) approval for treatment of stroke in humans is the thrombolytic agent tPA that can dissolve clots and restore blood flow if given within a narrow therapeutic window of a few hours following stroke onset. Nevertheless, in many cases with or without tPA there is significant residual impairment. Attempts to translate to humans treatments that ameliorate these residual deficits in rodents have been singularly unsuccessful (O'Collins et al. 2006) . Hence, there is a critical need for a therapeutic agent that facilitates functional recovery following stroke with or without tPA therapy.
Recent studies investigating the use of cell therapies in animal models of ischemic stroke have demonstrated enhancement of neuronal survival, tissue repair, and recovery of function (Grabowski et al. 1993; Chen et al. 2001; Savitz et al. 2002; Hermann and Chopp 2012) . Studies have shown that cells isolated either from the Wharton's jelly of the umbilical cord (Lin et al. 2010) or human umbilical cord blood (Rosenkranz and Meier 2011) secrete neurotrophic factors that are thought to support recovery of function and reorganization. Studies conducted by Chopp and colleagues, demonstrated that intravenous administration of human umbilical tissue-derived cells (hUTC) in a rodent middle cerebral artery occlusion model of stroke, resulted in significant functional recovery when treatment was started at 7 or even 30 days post-stroke . The treatment enhanced subventricular zone cell proliferation, synaptogenesis, and vascular density .
To investigate the potential restorative ability of the investigational cell drug product, CNTO 0007, that contains hUTC in a proprietary thaw and inject formulation called CSCV4, the present study utilized a non-human primate model of cortical ischemia. This model uses electrophysiological methods to map the hand representation in primary motor cortex and guide placement of a reproducible ischemic lesion limited to the hand representation so that only the function of the contralateral hand is impaired (Moore et al. 2010 (Moore et al. , 2012 . Performance with the opposite unimpaired hand serves as an internal control for motivation or other non-specific factors. The effects of treatment on functional recovery of the impaired hand were quantified.
Methods

Subjects.
A total of 8 young adult male rhesus monkeys (M. mulatta) were used. They ranged from 5 to 10 years of age (approximately equivalent to humans from 15 to 30 years of age; Tigges et al. 1988) . Monkeys were obtained from the Caribbean National Primate Research Center. Before entering the study, they received medical examinations that included serum chemistry, hematology, and urine and fecal analysis. Health records were screened to exclude monkeys with a history of malnutrition, chronic illness, diabetes, neurological diseases, or chronic illnesses. All monkeys were given initial magnetic resonance imaging (MRI) scans to ensure there was no occult brain abnormality.
Once enrolled in the study, monkeys were housed in the Laboratory Animal Science Center of Boston University Medical Campus that is AAALAC accredited. Experiments were conducted in accordance with the guidelines of the NIH Committee on Laboratory Animal Resources and with the approval of Institutional Animal Care and Use Committee (IACUC) of the Boston University Medical Campus. particularly apposition of the finger and thumb, to retrieve small food rewards from two different size wells. Both wells were 1 cm deep and the large well was 25 mm wide and the small well was 18 mm wide. Time to retrieve is recorded by photocells and success is recorded by the tester. The HDT has been used to assess fine motor function of the hand and digits with young and middle-aged rhesus monkeys in this non-human primate model of cortical ischemia (Moore et al. 2010 (Moore et al. , 2012 . A more detailed description of the task and apparatus are described in Moore et al. (2010) .
Each test day consisted of 32 trials divided into 16 trials for each hand and further subdivided into 8 trials for each of the two wells. The trials for right and left hands and for each well were presented in a pseudo-random, counterbalanced fashion to eliminate any order effects. Each monkey was given 30 s to complete a trial. If a monkey could not or would not complete an individual trial in 30 s or if a monkey removed its hand from the apparatus without retrieving the reward, the trial was terminated and the monkey was given one additional opportunity to complete that trial. After a second failed attempt, a nonresponse was recorded, the animal's difficulties were noted in the study record, and the next trial was initiated.
Hand preference.
At the completion of pre-training on the HDT, free choice trials with both sides of the apparatus baited and accessible to both hands were administered to determine which hand was ''preferred'' or dominant. This assessment was also compared with the pre-operative acquisition rates for each hand. Based on this assessment, the ischemic lesion was targeted at the hemisphere controlling the dominant hand to ensure that even with impairment, monkeys would be motivated to use the impaired hand during post-operative testing.
Group assignment and blinding.
After the completion of pre-training, based on pre-operative performance animals were randomly assigned (by SPF) in a balanced fashion to receive either the therapeutic treatment or vehicle/placebo. Post-operative administration of cells or vehicle was administered by one of the authors (DLR). All other personnel involved in the study (surgeons, technicians, behavioral testers, etc.) were kept blind to the assignment during surgery and all postoperative testing and assessment including tissue harvest and processing.
Electrophysiological mapping of the motor cortices and lesion production.
To create reproducible cortical ischemic damage and motor deficits, an ischemic lesion was localized to only the representation of the dominant hand in M1. All surgical procedures were carried out under aseptic conditions. Animals were sedated with ketamine hydrochloride (10 mg/ kg) and anesthetized with intravenous sodium pentobarbital (15-25 mg/kg) to effect. Heart rate, respiration, oxygenation, and muscle tonus were monitored to ensure physiological homeostasis and a safe surgical level of anesthesia. The head was stabilized in a stereotactic apparatus, and a midline incision was made followed by reflection of the temporalis muscle. A bone flap over the frontal and parietal lobes was removed in one piece and the dura incised to expose the motor cortex.
To map the hand representation of the dominant hand, the central and arcuate sulci were visualized and a calibrated photograph was taken and printed. The hand area of M1 was mapped onto this calibrated photograph using electrical stimulation delivered through a small monopolar silver ball electrode placed gently on the surface of the pia and moved systematically in rows from the dorsal aspect of the pre-central gyrus toward the ventral aspect of the sulcus. A surface electrode was used rather than sharp electrode penetration of the cortex (e.g., Nudo and Milliken 1996) in order to avoid creating damage in the motor cortex outside the hand representation (i.e., areas that control other parts of the body).
Stimulation sites were spaced 2 mm apart (anterior to posterior) in rows and each row was separated from the next by 2 mm (ventral to dorsal). Monopolar stimulus pulses of 250 ms duration at amplitudes from 2.0 to 3.0 mA were delivered once every 2 s either singly or in a train of 4 pulses delivered over 40 ms at a rate of 100 Hz. Non-responsive sites were further tested with a 200 Hz train consisting of 4 or 8 pulses of 2 ms duration delivered over 20 or 40 ms, respectively. The intensity of the motor response in the hand and digits was graded on a scale of 1-5 (barely visible to maximal). Specific stimulation sites with the lowest threshold and highest motor response were marked on the calibrated photograph creating a cortical surface map of the hand area which was used to guide the placement of the ischemic lesion ( Figure 1 ). Since the hand representation is known to extend down the rostral bank of the central sulcus, the sulcus was opened down to the fundus along the length of the gyral hand representation by microdissection with a small glass pipette and blunt periosteal elevator taking care to leave the somatosensory areas on the posterior bank intact. The hand area in the sulcus was not electrophysiologically mapped with the electrode to avoid inadvertent damage to the somatosensory areas on the caudal bank of the central sulcus as this mapping requires prolonged retraction. However, we have verified in terminal experiments, the presence of the hand representation on the rostral bank (unpublished).
Using this map and the adjacent exposed sulcus, ischemic damage was produced by making a small incision in the pia at the dorsal limit of the representation. A small glass suction pipette was then inserted under the pia and used to bluntly transect the small penetrating arterioles as they enter the underlying cortex. Suction and irrigation with sterile saline was sufficient to staunch any bleeding and maintain a clear field all the way down to the fundus of this sulcus. This approach removes the blood supply to the cortex of the hand representation, producing an ischemic lesion of the gray matter that degenerates down to the underlying white matter as illustrated in Figure 2 .
CNTO 0007 infusion.
Intravenous administration of CNTO 0007 was completed between 23 and 24 h following surgery. Sample preparation was conducted using standard tissue culture protocol. Briefly, cells were removed from liquid nitrogen storage, thawed, and then assessed for viability. They were then aliquoted into a sterile syringe and administered intravenously at a concentration of 10 M cells/ml and a rate of 0.5 ml per min using a syringe pump to deliver a total dose 10 M cells/kg. Vehicle was administered at the same volume and rate. The starttime and stop-time of the infusion were recorded. Respiratory rate and oxygen saturation were monitored during the infusion.
Initial cage-side post-operative assessment.
During the initial 2-week post-operative recovery period, each monkey was observed daily in their home cage and both upper limbs were assessed for level of function in terms of muscle tone, strength, tremor, and fine motor function using our Non-Human Primate (NHP) Upper Extremity Motor Dysfunction Scale (Table I) . This scale was adapted from Zhang et al. (2000) and the National Institutes of Health Stroke Scale.
Post-operative testing.
Post-operative testing on the HDT began 2 weeks after surgery and continued for 12 weeks. Testing on the HDT was conducted on Monday, Wednesday, and Friday each week. However, the hand use requirement was altered so that 70% of the trials required the use of the impaired hand while 30% were given to the intact hand. Since the testing apparatus is designed so that the monkey must use only the left or the right hand in the left and right side of the apparatus, respectively, the greater percentage of trials given to the impaired hand ensures that the monkey uses its impaired hand. This forced use of the impaired hand is similar in nature to constraint-induced therapy as used in human rehabilitation strategies which force use of the impaired limbs. At the same time, the 30% of trials given to the unimpaired hand provide sufficient rewards to maintain motivation and sufficient data to demonstrate that effects are not due to generalized changes in motivation or motor function. Each animal was given 30 s to complete a trial as in pre-operative training. Testing continued for 12 weeks, the time estimated for control subjects to achieve asymptotic stable performance.
Grasp pattern assessment.
Performance on the HDT during pre-operative training and post-operative testing were videotaped with fixed placement cameras. A licensed Occupational Therapist (MAP) who specializes in upper extremity recovery following stroke, analyzed the videotapes using our NHP Grasp Assessment Scale (Moore et al. 2012 ). This scale was adapted from the Eshkol-Wachman Movement Notation (Carr et al. 1985; Whishaw et al. 2002) and the Fugl-Meyer Motor Assessment Scale (Fugl-Meyer et al. 1975 ). Our scale rates the shaping of the hand and digits for grasp and the pattern of grasp and release to provide a semi-quantitative measure of grasp function. The original scale consisted of six hierarchical stages that include distinctive features (see Moore et al. 2012) . However, in order to increase the sensitivity of this scale for detecting recovery of function, the scale was modified to score eight hierarchical stages in half steps for a total of 13 units with the maximum score of 8 reflecting normal grasp patterns (functional pinch between thumb and one individual digit) (see Table II ).
Perfusion and tissue processing.
For perfusion-fixation of the brain, monkeys were deeply anesthetized with IV sodium pentobarbital (25 mg/kg to effect) and were killed by exsanguination during transcardial perfusion of the brain, first for no more than 5 min with 4 °C Krebs buffer at pH 7.4 and then with 8 liters of 4% paraformaldehyde, pH 7.4 over 10 min to completely fix the brain. The brain was then photographed, in situ, with the photograph aligned in the perspective of the cortical map used to create the lesion. Then the brain was blocked, in situ, in the coronal plane to ensure reproducible planes of section during later processing. It was removed from the skull, weighed, and post-fixed overnight in 4% paraformaldehyde for no more than 18 h. It was then transferred to cryoprotectant solution to eliminate freezing artifact (Rosene et al. 1986 ). Cryoprotected blocks were flash frozen and stored at 80 °C until they were cut on a microtome into interrupted series of coronal sections (eight series of 30 μm thick sections and one 60 mm thick series, spacing between sections within a series of 300 μm). The 60 μm series was immediately mounted on microscope slides and stained with thionin for lesion reconstruction (Figure 2 ).
Lesion volume and surface area.
To reconstruct the volume of the lesion, all sections through the entire extent of the lesion (range of 23-31 sections) were digitized using an EPSON 4490 Scanner to create highresolution JPEGs of each section. These images were then imported into Image J. To estimate the volume of the lesion, the extent of the lesion on each slide was outlined as well as the total intact gray matter from the depth of the cingulate sulcus on the medial surface to the depth of the lateral sulcus on the lateral surface. An identical assessment of intact gray matter was then done in the opposite intact hemisphere as well. The total volume outlined in each hemisphere was then determined using the Cavalieri estimator (Rosen and Harry 1990) by taking the sum of the areas of each section and multiplying by the distance (0.30 mm) between sections to estimate volume. This allowed us to determine the volume of the lesion by subtracting the volume of the frontal cortex in the damaged hemisphere from the volume in the contralateral intact hemisphere to obtain an estimate of the lesion volume. This approach ensures that lesion volume will not be under-or over-estimated due, respectively, to ''compression'' of the lesion during in vivo healing or compression or stretching of lesion space during tissue processing.
To determine the surface area of the lesion two approaches were used. First, the histological sections were digitized using the Turboscan system (Objective Imaging, Cambridge, UK) to create photomontages of the entire brain at 4× magnification. The surface length of the lesion on each section was measured in Image J. Again, all surface length measures were totaled and multiplied by 0.30 mm, the distance between sections, to obtain an estimate of the surface area of the lesion. Second, the calibrated photographs of each brain taken immediately after removal from the skull were also imported into Image J and the surface area of the lesion outlined and measured. 
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Data analysis and statistics
Pre-operative HDT.
The mean time to retrieve a food reward from each of the wells of the HDT with each hand for the last 3 days of pre-operative testing was determined for each monkey. A Student's ttest was used to compare the performance of control and treated monkeys on these measures.
Post-operative NHP Upper Extremity Motor Dysfunction Scale.
Beginning on post-operative day 1, the degree of motor impairment in the upper extremity was assessed for each monkey in their home cage using our adapted NHP Upper Extremity Motor Dysfunction Scale to assess tone, tremor, fine motor function of the hand, strength of the hand, digit flexion, and movement of the forearm, wrist, arm, and shoulder. Each measure is rated on a 3-, 4-, or 5-point scale of impairment with 0 indicating no impairment (0-2, 0-3, or 0-4; see Table I ). The mean rating for each animal on the first three (1-3) and last three (12-14) post-operative days was determined for the measures of fine motor function and strength of the hands. The difference in the mean rating from days 1-3 and days 12-14 was then calculated for each animal, and these difference scores were compared between groups. Separate Student's t-tests were used to compare the difference scores between groups on the measures of fine motor control and strength of the hands.
Post-operative HDT.
The mean time to retrieve the food reward on the HDT across the 12-week post-operative period was also determined. A Student's t-test was used to compare the performance of control and treated animals on this measure. In addition, the mean time to retrieve a food reward on the HDT during the initial week of post-operative testing and the final week of testing on the HDT for the control and treated animals was compared using a two-way repeated measures ANOVA with group (control vs. treated) as a between subject variable and time (initial week vs. final week) as a within subjects variable to compare the time to retrieve for the two groups of monkeys.
Post-operative grasp assessment.
The mean number of post-operative days required to return to asymptotic levels of grasp on the HDT with the impaired hand was determined. A return to asymptotic levels of performance was defined as a grasp assessment score at pre-operative levels (score of 8; functional pinch between thumb and one individual digit) for 2 consecutive days for each well. If an animal did not return to pre-operative levels of grasp (score of 8), then the first 2 consecutive days at their highest rating were used as asymptotic performance. A Student's ttest was used to compare the number of post-operative days required to return to asymptotic levels of grasp on the HDT for the impaired hands of the control and treated monkeys. In addition, the mean grasp assessment rating across the post-operative period for the HDT was also compared using a Mann-Whitney U-test.
Lesion surface area and volume.
A Pearson's r Correlation was used to determine the presence of a relationship between the surface area measures on the photographs and those calculated on the thionin sections. This analysis revealed a significant relationship between these measures (r = 0.978; p ≤0.05) verifying the accuracy of the two methods to determine the surface area. A Student's t-test was used to compare the volume of the lesion between the control and treated animals.
Correlations between lesion volume, lesion surface area, and motor function.
Pearson's r was used to determine the presence of a relationship between the number of post-operative days required to return to pre-operative levels of performance on the HDT, final grasp assessment on the HDT, and final lesion volume.
Results
Pre-operative HDT
The mean time to retrieve a food reward from each of the two different wells (large and small diameter) of the HDT with the dominant hand for the last 3 days of pre-operative testing was determined for each monkey. Separate Student's t-tests were used to compare the performance of monkeys assigned to the control and treatment groups on each of the two wells. This analysis detected no significant difference between the control and treated monkeys on either well. This confirms the effectiveness of our pre-operative pseudo-random balancing of group assignment.
Post-operative NHP Upper Extremity Motor Dysfunction Assessment Scale
Separate Student's t-tests revealed a significant difference between the groups in terms of the difference in the mean rating on the measures of fine motor function and strength of the hand from days 1-3 and days 12-14 (p<0.007 and 0.02) with a greater degree of recovery in the treated animals ( Figure 3 ).
Post-operative HDT
A Student's t-test to compare the mean time to retrieve the food reward on the HDT across the entire 12-week post-operative period revealed that the treatment group was significantly superior to untreated animals on retrieval from the large well (p<0.001) (Figure 4 ). For the small well there was a trend in the same direction but it only approached significance (p<0.09). The lack of a significant group difference on the time to retrieve from the small well is likely due to the fact that the compensatory scooping grasp developed by the untreated animals appeared to be more effective in scooping the reward out of the smaller diameter well as the animals were able to steady the treat on the side of the well and then scoop it into their palm. In the well with the larger diameter, this compensatory movement was more difficult in the larger space as the reward would ''slip'' away from the monkey while trying to scoop it out of the well without effective finger-thumb apposition.
A two-way repeated measures ANOVA comparing the time to retrieve the reward during the initial week of testing and then during the final week of testing with group (control vs. treated) as a between subject variable and time (initial week vs. final week) as a within subjects variable revealed an overall effect of group [F(1, 6) = 27.296, p = 0.002]. Further, there was a significant effect of time [F(1, 6) = 42.246, p = 0.0006] and a significant group by time interaction [F(1, 15) = 7.88, p = 0.03]. A Bonferroni Post Hoc test revealed that there was a significant difference in performance between the control and treated groups in the initial week of testing with the treated animals having superior performance (p<0.01) ( Figure 5 ).
In addition, there was a significant difference in performance in the control group from the initial week to the final week of testing (p<0.003) ( Figure 5 ). There was not a significant difference in the treated group during this time. This is likely due to the fact that the treated animals demonstrated a striking degree of recovery in the initial week of testing reducing the relative difference from performance on the HDT in the final week. Related to this finding, the animals in the treated group reached a post-operative level of performance equal or even greater than their level of performance during pre-operative testing. Whereas no animal in the control group returned to pre-operative levels of performance in terms of time to retrieve. This provides further validation of the potential efficacy of the treatment in this study.
Post-operative HDT grasp assessment
A Student's t-test was used to compare the mean number of post-operative days required to reach asymptotic levels of grasp for the impaired hand of control and treated monkeys on the large well. This analysis revealed a significant difference between groups on the large well (p<0.01) with treated monkeys showing superior recovery of grasp pattern ( Figure 6 ).
In addition, the mean grasp assessment rating across the post-operative period for the HDT was also determined. A Mann-Whitney U-test revealed a significant difference between groups on the large well (p<0.01) (Figure 7) .
Lesion surface area and volume
Analysis of the surface area and of the volume of the lesions showed no significant group differences on either measure (Table III) . Not surprisingly a Pearson's r Correlation assessing the relationship between lesion volume and the number of post-operative days required to return to pre-operative levels of performance on the HDT as well as with final grasp assessment on the HDT revealed no significant relationship across all subjects or within subjects in either group.
Discussion
Summary
The principal findings of this study are: (1) During the first 14 days after surgery, there was a significant degree of recovery within the treated group on measures of fine motor function and strength of the hand (Figure 3 ). (2) There was a significant difference between groups for the mean time to retrieve the food reward on the HDT across the 12-week post-operative assessment with the treated group showing a shorter time to retrieve (Figure 4) . This is consistent with improved recovery that was particularly evident in the initial week of postoperative testing ( Figure 5) . (3) In terms of fine motor grasp pattern, as shown in Figure 6 , there was a significant group difference in the mean number of post-operative days required to return to asymptotic levels of grasp performance. (4) Finally, in terms of absolute level of grasp pattern, there was a significant effect of treatment on the mean grasp assessment rating across the post-operative period on the HDT (Figure 7 ). (5) Importantly, there were no group difference in terms of post-mortem lesion volume or lesion surface area and there was no significant correlation between performance on the HDT and lesion volume (Table III) . Together these findings provide evidence that cell-based therapy enhanced recovery of fine motor function after ischemic cortical damage in a non-human primate, the rhesus monkey.
Cell-based therapies for enhancing recovery
The efficacy of various cell-based treatments for recovery of function has been investigated in animal models of stroke and ischemia where cell therapies can be from exogenous or endogenous sources, can be embryonic, fetal, or adult derived, and be either pluripotential or multi-potential Li and Chopp 2009; Rosenkranz and Meier 2011; Sahota and Savitz 2011) . Transplanted embryonic and neural stem cells have been used in rodent models of stroke, and it has been demonstrated that these cells develop into neural precursors, differentiated neurons, and glial cells (Sahota and Savitz 2011) . However, both have the significant potential to transform into teratomas and malignant teratocarcinomas (Sahota and Savitz 2011) .
Alternatively, transplantation and infusion of human umbilical cord blood cells (hUCB) has also been shown to improve functional outcome in rodent models of stroke (Chen et al. 2001; Brenneman et al. 2010; Rosenkranz and Meier 2011) . hUCB contain mesenchymal progenitor cells, endothelial cell precursors, and other immature progenitor cells that have extensive capacity for proliferation (Broxmeyer 1996; Nieda et al. 1997; Erices et al. 2000) . Further, hUCB cells can differentiate into neural cells, secrete neurotrophic factors, and produce cytokines such as chemokines, interleukins, and growth factors that may modulate inflammation, apoptosis, angiogenesis, and synaptogenesis (Hess et al. 2002; Newman et al. 2005 Newman et al. , 2006 Newcomb et al. 2006; Neuhoff et al. 2007; Rosenkranz and Meier 2011) .
Another type of cell-based therapy is bone-marrow-derived stromal cells (BMSC) that are mixed cell populations extracted from adipose tissue, peripheral blood, and muscle (Sng and Lufkin 2012) . They contain a mixture of stem and progenitor cells, usually do not form teratomas, and usually do not cause immune rejection issues (Xiong et al. 2011) . They have been extensively studied in a variety of rodent models of disease and injury and it has been widely demonstrated that regardless of administration route, BMSC significantly improve function after stroke ). Specific to the present study though are the findings in rodent models of stroke that intervenous infusion of BMSC survive over a long period of time in recipient animals and promote functional recovery. Whether administered immediately after stroke or 1-4 weeks after stroke (Mahmood et al. 2006; Shen et al. 2007; Chen et al. 2008) , BMSC continue to promote recovery of function after 3 months (Mahmood et al. 2005) .
Intravenous administration of BMSC in rodent models of intracerebral hemorrhage allows the cells to enter the brain and migrate to the regions around the lesion. This is amplified when the administration is preceded by an infusion of mannitol (Seyfried et al. 2008 (Seyfried et al. , 2010 .
In addition, there is evidence of increased markers of neurogenesis, improved function, and reduced tissue loss in this model following administration of BMSC (Seyfried et al. 2010 ). Further, Bhasin et al. (2011) demonstrated improved motor function 8 and 24 weeks after intravenous infusion of BMSC in human stroke patients.
It has been hypothesized that BMSC do not replace damaged tissue, but rather secrete growth factors such as brain-derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF), and basic fibroblast growth factor (bFGF) and induce intrinsic parenchymal cells to also produce these factors (Chopp and Li 2002; Mahmood et al. 2004 Mahmood et al. , 2005 Sofroniew 2005; Qu et al. 2007; Xiong et al. 2011) . It has been demonstrated that these factors enhance angiogenesis, synaptogenesis, neurogenesis, and axonal sprouting in the area around the lesion (Mahmood et al. 2005 (Mahmood et al. , 2006 Liu et al. 2010; Li et al. 2013) .
Human umbilical tissue-derived cells, the cellular component of CNTO 0007, have also been assessed in a rat model of focal ischemia . They reported significant improvement in treated subjects compared to controls on performance on the adhesive tape removal test of fine motor function and on a modified neurological severity scale. Similar to the present study, this group also showed that there were no differences in lesion volumes between the treated and control animals. In a related study, hUTC administration 1, 3, or 7 days post-stroke resulted in improved neurological function and increased cell proliferation, vascular density, and synaptogenesis and decreased apoptosis in the peri-lesional region (Yang et al. 2012) . Further, using MRI, Jiang et al. (2012) demonstrated that hUTC administration resulted in significant reduction of ventricular volume expansion and improved cerebral blood flow, measures that correlated with histological lesion volume, synaptic density, and functional improvements.
CNTO 0007 in a non-human primate model of ischemia: recovery of grasp and fine motor function
In the present study, the most striking finding was the significant improvement in the time to retrieve and the quality of grasp pattern shown in monkeys treated with CNTO 0007 compared to controls on post-operative assessment of the HDT. While it can be argued that the lesion size in this study was small compared to the lesions that can occur in human stroke patients, and that there was evidence of recovery in the control animals as there is in humans after stroke, this model is effective for the assessment of stroke treatment as the untreated animals do not return to pre-operative levels of performance in terms of time to retrieve or in their grasp patterns. Further, in our previous studies, untreated animals with the identical limited, controlled ischemic lesion in the hand area of M1 do not fully recover fine motor function of the hand but rather develop a compensatory ''scooping'' motion with their digits and hand without recovery of the finger-thumb pinching action that is their normal behavior (Moore et al. 2012) . However, the four treated monkeys in the present study showed complete recovery of the finger-thumb pinching action during the post-operative period and returned to pre-operative levels on the HDT in terms of time to retrieve. Thus, the findings in the present study with non-human primates, while limited by sample size, are in agreement with Zhang et al. (2011) and provide encouragement that this approach could translate to human stroke patients.
Possible mechanisms of recovery
While it does appear that CNTO 0007 did have an effect in recovery of function, particularly in the quality of grasp function, the precise mechanisms underlying this recovery remains unknown. At the cellular level, cortical reorganization following ischemic injury has been found to correlate with dendritic remodeling (Jones and Schallert 1992; Buga et al. 2008) , increased levels of the presynaptic growth-associated proteins GAP-43, and synaptophysin (Benowitz and Routtenberg 1997; Stroemer et al. 1998; Carmichael and Chesselet 2002; Carmichael 2006; Buga et al. 2008; Benowitz and Carmichael 2010) , axonal sprouting (Carmichael et al. 2005; Li and Carmichael 2006; Buga et al. 2008) , and angiogenesis (Krupinski et al. 1994; Beck et al. 2000; Marti et al. 2000; Hayashi et al. 2003; Beck and Plate 2009 ). In addition, it has been reported that in rodents, focal ischemia results in denervation that stimulates axonal sprouting and synaptogenesis that correlates with functional recovery (Stroemer et al. 1998 ). Other studies have demonstrated that neurogenesis, synaptogenesis, and vascular density are potential mechanisms underlying recovery following stroke (Zhang et al. 2000; Ward and Cohen 2004; Carmichael 2006; Zhang and Chopp 2009 ).
Based on the foregoing observations, it is hypothesized that cell-based therapies do not replace damaged tissue, but rather secrete growth factors and induce intrinsic parenchymal cells to also produce these factors (Chopp and Li 2002; Mahmood et al. 2004 Mahmood et al. , 2005 Sofroniew 2005; Qu et al. 2007; Xiong et al. 2011 ) enhancing angiogenesis, synaptogenesis, neurogenesis, and axonal sprouting (Mahmood et al. 2005 (Mahmood et al. , 2006 Liu et al. 2010; Li et al. 2013) . Similarly, Zhang et al. (2011) demonstrated that hUTC enhances synaptogenesis, neural progenitor proliferation, and vascular density and reduces apoptotic cell death following stroke. They suggest that the mechanism of action of the hUTC is expression of neurotrophic factors such as BDNF and bFGF. The findings in the current study of recovery of fine motor grasp provide validation of the efficacy of CNTO 0007 and its cellular component, hUTC, as a treatment for ischemia. Future investigation with this model of the potential paracrine neurotrophic action of hUTC in relationship to recovery of function is necessary to assess this hypothesis. Calibrated photograph of the lateral surface of motor and somatosensory cortices showing stimulation sites. Black circles represent sites that when stimulated produced a strong response of hand and/or digits and white circles represent sites that when stimulated produced weak or no response of hand and/or digits. Area of lesion within the sulcus is not shown in this photograph. Representative thionin sections through the lesion from one control and one treated animal. Extent of lesion is visible to include surface representation of hand area and rostral bank of central sulcus. Graph of difference scores on our Non-Human Primate Upper Extremity Motor Dysfunction Scale on measures of fine motor function and of hand strength from the first 3 days (d1-3) and last 3 days (d12-14 of initial post-operative period. Asterisks indicate a significant group difference in recovery of fine motor function (p<0.007) and the # indicates a significant difference in hand strength (p<0.02). This graph shows the mean time to retrieve rewards across the entire 12-week post-operative testing period for the large well on the HDT. Asterisks indicate a significant group difference in the time required to retrieve rewards (p<0.001).
Figure 5.
This graph illustrates a significant difference in performance between the control and treated groups in the initial week of testing with the treated animals having superior performance (*p<0.01). In addition, there was a significant difference in performance in the control group from the initial week to the final week of testing (#p<0.003). There was not a significant difference in the treated group during this time (p<0.217).
Figure 6.
This graph illustrates the significant difference between groups for the number of postoperative days to attain asymptotic levels of grasp performance on the HDT for the impaired hand on the large well (p<0.01).
Figure 7.
This graph demonstrates a significant difference between groups for the mean grasp assessment rating reached across the post-operative period on the HDT until criterion was reached on grasp assessment (p<0.01). Final lesion volumes (mm 3 ), final surface area (mm 2 ), pre-operative mean on the HDT, and mean grasp rating on the HDT during initial and final week of testing for all monkeys. 
